Periodontitis is a common chronic multibacterial infection in the tooth-supporting tissues. It has been shown that periodontitis patients carry higher number of disease-associated bacteria than healthy ones. The aim of this study was to generate a novel, single copy gene-based quantitative real-time PCR (qPCR) assay for five major periodontal pathogens -Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Prevotella intermedia, Treponema denticola, and Tannerella forsythia. The primer/probe sets were designed for conservative lipopolysaccharide-coding gene regions. They proved to be sensitive and able to detect strains representing different serotypes of the target bacteria. The specificity of designed primers was tested using 49 selected bacterial species and no false positive or negative results were observed. We validated the assay with a case-control population, including 165 saliva samples, and proved the diagnostic accuracy by Receiver Operating Characteristic (ROC) curves. All quantified pathogens alone were able to distinguish significantly between the subjects with and without periodontitis, and provided areas under the ROC curve larger than 0.5. The total pathogen burden comprising all five species associated with periodontitis with an area of 0.821 (95% CI, 0.758-0.885, P50.001). Our prominently sensitive and specific assay may have major importance in the diagnosis, prevention, and treatment of periodontitis.
INTRODUCTION
Periodontitis is a multibacterial infection that affects the tooth-supporting tissues destroying connective tissue and alveolar bone, and may eventually lead to loss of teeth. The chronic form of periodontitis is common in the middle-aged and elderly, whereas the aggressive form of the disease can be found especially among juveniles. 1, 2 In Finland, periodontitis affects 64% of the adult population and 21% of subjects have more advanced forms of the disease. 3 In the US, 22% of the dentate adult population has been observed to have mild periodontitis, and 13% have a moderate or severe form. 4 Similar figures have been reported for several other populations. 5 During the development of periodontitis, the resident oral microbiota converts from the dominance of facultative Gram-positive bacteria into anaerobic Gram-negative majority. 6, 7 Specific species and their combinations, including Aggregatibacter (formerly Actinobacillus) actinomycetemcomitans, Porphyromonas gingivalis, Prevotella intermedia, Treponema denticola, and Tannerella forsythia, have been strongly associated with the pathology of periodontitis. [8] [9] [10] Major periodontal pathogens exert wide intraspecies differences characterized by several genotypes as well as serotypes. All these pathogens have been found also among periodontally healthy subjects. 11 Since the diseaseassociated bacterial levels are higher among periodontitis patients, 7, 12 it has been hypothesized that the irreversible destruction of the host tissue arises, when the bacterial level reaches a critical threshold.
Numerous methods have been used in attempts to detect and enumerate periodontal pathogens. These include microbial cultivation, species-specific DNA probes, flow cytometry, immunological assays, enzymatic tests, and conventional end-point PCR. 13 However, all these methods have their subjective limitations to measure accurately the numbers of specific bacteria in the sample. Recently, a quantitative real-time PCR (qPCR) using fluorogenic DNA probes has been used to resolve these problems. The majority of current methods are based on 16S ribosomal RNA operon sequences and standard curves based on cell numbers. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] This approach may induce an error in quantification of the amount of bacterial numbers based on diverse copy numbers of the rRNA operon between species and strains (The Ribosomal RNA Operon Copy Number Database, http:// ribosome.mmg.msu.edu/rrndb/index.php), and methodological restrictions in extracting genomic DNA from low levels of cells. Single copy gene assays based on speciesspecific virulence factor genes have been developed for A. actinomycetemcomitans, P. gingivalis, and T. forsythia. 24, 25 Yet, the functionality of the assay among strains representing different serotypes has only been shown with primer/probe set for A. actinomycetemcomitans. 25 The aim of this study was to generate a novel single copy gene-based qPCR assay for five major periodontal pathogens -A. actinomycetemcomitans, P. gingivalis, P. intermedia, T. denticola, and T. forsythia. The primer/ probe sets were designed for conservative lipopolysaccharide (LPS)-coding gene regions, which showed a high sequence similarity but were still species-specific. The qPCR assay was further validated with 165 saliva samples, a case-control population collected from 84 subjects with periodontitis and 81 periodontally healthy subjects.
SUBJECTS AND METHODS

Bacterial strains
The bacterial reference strains used for analyzing the sensitivity of primers and probes in this study were as follows: A. actinomycetemcomitans strains representing different serotypes ATCC 29523 (serotype a), ATCC 43718 (serotype b), ATCC 33384 (serotype c), IDH 781 (serotype d), IDH 1705 (serotype e), CU 1000 (serotype f, a kind gift from Dr Helen Schreiner, University of Medicine and Dentistry of New Jersey, New Jersey Dental School, NJ, USA), and C59A (non-serotypeable); P. gingivalis strains ATCC 33277 (serotype a), W50 (serotype b), and OMGS 434 (serotype c); P. intermedia ATCC 25611; T. denticola ATCC 35405, and T. forsythia ATCC 43037. Aggregatibacter actinomycetemcomitans strains were cultured on blood agar plates supplemented with 5% (v/v) horse serum in a 5% CO 2 incubator at 37 C, while P. gingivalis, P. intermedia, and T. forsythia strains were cultivated on blood agar plates under anaerobic conditions at 37 C. The lyophilized bacterial sample of T. denticola used in this study was a generous gift from Dr Howard Kuramitsu (State University of New York at Buffalo, NY, USA). The 49 bacterial species used to examine the specificity of primer/probe sets are listed in Table 1 . These species were cultivated according to the standard procedures (Wadsworth-KTL Anaerobic Bacteriology Manual, 2002).
Study population and specimen collection
A total of 165 subjects, belonging to a national population-based health survey, Health 2000, co-ordinated by the National Public Health Institute (KTL), 26 were selected for the present study. 11, 27 The general inclusion criteria were 40-60 years of age, having at least 20 teeth, and participation in a clinical oral examination. Periodontally diseased subjects (cases, n ¼ 84) had at least 14 teeth with probing pocket depth of !4 mm. In addition, approximately 80% of them had also teeth with probing pocket depth of !6 mm. Periodontally healthy subjects (controls, n ¼ 81) had no teeth with deepened pockets. The more detailed characterization of the study subjects is presented in Table 2 . The paraffin-stimulated, whole-saliva samples had been collected by expectoration, and processed for conventional PCR as described earlier 11 and for qPCR as depicted below.
Isolation of bacterial DNA for qPCR
Total bacterial DNA was extracted using the ZR Fungal/ Bacterial DNA Kit TM (Zymo Research). First, the purity of the reference bacteria cultures was ascertained by Gram staining and microscopic evaluation of the colony morphology. The colonies were scraped from plates, suspended in 200 ml Tris-EDTA buffer and the DNA isolation was performed according to the manufacturer's instructions. The saliva samples (500 ml) were centrifuged at 9300 g for 3 min, the supernatants discarded, and the pellets suspended in 200 ml Tris-EDTA buffer.
After suspension, the DNA extraction was performed in conformity with the manufacturer's procedure. The DNA concentrations were measured with ND-100 (NanoDrop Technologies).
Primers and probes
The primers and probes used in the qPCR assay for the detection and quantification of the target periodontal pathogens are listed in Table 3 . The species-specific primer and TaqMan probe sets were based on conserved regions from single copy genes waaA, 3-deoxy-Dmanno-oct-2-ulosonic acid (Kdo) transferase (A. actinomycetemcomitans, P. gingivalis, P. intermedia, and T. forsythia) and waaG, UDP-glucose:(heptosyl) LPS alpha 1,3-glucosyltransferase (T. denticola), and were designed with a special software, EPRIMER3 (http:// bioweb.pasteur.fr/seqanal/interfaces/eprimer3.html). The conserved regions were indentified by a multiple sequence alignment software (T-Coffee v.1.41), and the selected primers and probes were tested for homology with unrelated sequences by Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/ BLAST/). The TaqMan probes were labeled with the fluorescent reporter dye at the 5 0 -end and quencher dye at the 3 0 -end as follows: Cy5 and BHQ-2 for A. actinomycetemcomitans, HEX and BHQ-1 for P. gingivalis, 6-FAM and BHQ-1 for P. intermedia, Cy5 and BHQ-2 for T. denticola, and HEX and BHQ-1 for T. forsythia. The primers were synthesized by Thermo Scientific, except the reverse primer for T. denticola, which was synthesized by DNA Technology A/S, who also provided all probes.
Quantitative real-time RT-PCR
We performed quantitative real-time RT-PCR using Mx3005P Real-Time QPCR System (Stratagene). 
Calculation of cell numbers
The exact genome sizes for the studied periodontal pathogens were obtained from Oralgen Databases (http://www.oralgen.lanl.gov/) and were as follows: 2105503 bp for A. actinomycetemcomitans, 2343479 bp for P. gingivalis, 2699437 bp for P. intermedia, 2843201 bp for T. denticola, and 3405543 bp for T. forsythia. The masses of the genomes were calculated by using genomic size data. The bacterial DNA levels were quantified by real-time PCR and calculated from the standard curve equations created by serial dilutions of known amounts of the appropriate DNA isolated from pure bacterial cultures. Since the target gene copy number in the present study was one, we were able to convert the observed DNA concentrations of samples into specified bacterial genome numbers.
Conventional PCR
The conventional PCR results for the presence of the target pathogens in the saliva samples were obtained from our previous study. 11
Statistical analysis
Based on the results obtained from the present casecontrol study, the diagnostic accuracy of the developed assay was evaluated using Receiver Operating Characteristic (ROC) curve analysis. The Pearson chisquared test was used to analyze the diversity between the qPCR and conventional PCR methods as well as the pathogen detection rates between the cases and the controls. The variation in pathogen numbers between the case and the control samples was analyzed using the non-parametric Mann-Whitney U Two-Independent-Samples test. All statistical analyses were executed with Statistical Package for the Social Sciences (SPSS v.12.0.1), and P50.05 was considered to be statistically significant.
RESULTS
Sensitivity of primers and probes
We used serial dilutions of the reference strain DNA of known concentrations to determine the analytical sensitivity of the primer and probe sets. All the designed primer/probe sets proved to be sensitive, detecting 8-16 genomes/ml template, and the standard curves were found to be linear over a wide range of bacterial genomes (from 10 to 10 7 , data not shown). Figure 1A -E presents the focused standard curves corresponding to 3.4 Â 10 1 to 2.1 Â 10 5 bacterial genomes in 2 ml of template DNA/ qPCR reaction, since the genome counts in the saliva samples resided in that range. The reaction efficiencies determined by the slopes of the standard curves were as follows: 96% for A. actinomycetemcomitans, 91% for P. gingivalis, 92% for P. intermedia, 87% for T. denticola, and 95% for T. forsythia.
Specificity of primers and probes
The specificity of designed primers was evaluated, in addition to blasting, using DNA preparations extracted from 49 selected bacterial species, which are listed in Table 1 . No false positive or negative results were observed among these species. The SYBR Green qPCR assays with the target strains yielded definite products and the dissociation curve peaks were explicit among all samples. To assess further the specificity of designed primers and probes, we tested the ability of the A. actinomycetemcomitans and P. gingivalis primer/probe sets to detect strains representing different serotypes of the species. The excellent performance confirms that the designed primer and probe sets were specific for the target bacteria (data not shown). Figure 2 illustrates the melting curves for the A. actinomycetemcomitans ( Fig. 2A) and P. gingivalis (Fig. 2B ) serotypes tested.
Detection and quantification of periodontal pathogens in saliva samples
The detection rates and levels of target pathogens in the saliva samples of the case-control population are presented in Table 4 . Although all pathogens were found also among the periodontally healthy subjects, the prevalence rates were significantly higher among patients with periodontitis. The median values of the target pathogens in pathogen-positive subjects varied between 5.64 Â 10 3 and 1.38 Â 10 5 genomes/ml of saliva among healthy subjects and between 1.64 Â 10 4 and 1.40 Â 10 6 genomes/ml of saliva among subjects with periodontitis. Compared to the healthy controls, the median levels were higher in subjects with periodontitis and differed significantly with P. gingivalis (P50.001), P. intermedia (P ¼ 0.006), and T. forsythia (P ¼ 0.014). All cases were positive for one or more studied pathogens, and the median level of any pathogen was as high as 20-fold compared to that of the controls. The largest fold change between the cases and the controls for a single pathogen was observed for P. gingivalis -the cases had a 37 times higher median level than the controls.
Diagnostic accuracy of the assay
We tested the diagnostic specificity and sensitivity of the assay with Receiver Operating Characteristic (ROC) analysis. All quantified pathogens alone were able to distinguish significantly between the subjects with and without periodontitis and provided ROC areas under the curve (AUC) larger than 0.5, which is considered as the lowest limit for any significant discrimination between the study groups. The closer the ROC AUC is to 1, the higher the overall accuracy of the test. The exact AUC levels, 95% confidence intervals (95% CI), and asymptotic significances are presented in Figure 3A . When summed up, the total pathogen burden, comprising all five species, associated with periodontitis with an AUC of 0.821, 95% CI 0.758-0.885 and P50.001 (Fig. 3B) . When the combinations from single to four pathogens were tested, the strongest relation to the disease was with the combination of A. actinomycetemcomitans, P. gingivalis, and P. intermedia, resulting in an AUC of 0.802, 95% CI 0.734-0.870 and P50.001 (Fig. 3C ).
Comparison of conventional PCR to qPCR
Concerning the presence of each pathogen in the saliva samples, we compared the conventional PCR results to the present qPCR results ( Table 5 ). The number of samples negative in the conventional system but positive in the qPCR assay varied between 15.8% and 28.5% depending on the tested pathogen. The range of samples positive in qPCR but negative in the conventional PCR was from 4.2% to 7.3%, except 20.0% for T. denticola. All the observed differences were statistically significant.
DISCUSSION
In the present study, we developed a single copy gene-based qPCR assay for five putative periodontal pathogens: A. actinomycetemcomitans, P. gingivalis, P. intermedia, T. denticola, and T. forsythia. The assay proved to be sensitive and practicable over a wide concentration range of bacterial DNA. The designed primer/probe sets were specific and able to detect also strains representing different serotypes of the target bacteria. Moreover, the assay proved to be sensitive and specific for diagnostic purposes.
More than 700 interacting bacterial species have been detected in the oral cavity. 28 Along the implementation of molecular microbiology techniques, there is a growing interest to focus on the bacteria associated with periodontitis. The role of chronic infections has revealed to be increasingly important in many common diseases, which previously were unrelated to bacteria. In addition to chronic infections by single pathogens, the total pathogen burden has been observed to be a risk factor in, for example, cardiovascular events. 29 Periodontal pathogens have access to the circulation via inflamed gingival tissue, and DNA of periodontal pathogens, as well as viable bacteria, has been found in human atherosclerotic plaques. 30, 31 Since periodontal tissue destruction is hypothesized to occur accompanied by a critical bacterial level (as yet unknown), numerous studies have been conducted to identify and quantify major periodontal pathogens from subgingival plaque and saliva samples. 13 In recent years, several qPCR assays have been developed in order to overcome the problems concerning the traditional techniques with limited and varying combination of sensitivity and specificity. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The majority of these assays are based on 16S ribosomal RNA gene sequences. This approach may introduce errors in the actual genome levels, since, to date, there usually is only one sequenced strain per studied pathogen, and different strains within the species may have varying numbers of ribosomal operons. In order to overcome the problem, our aim was to set up qPCR assays based on single-copy genes.
Quantitative real-time PCR assays resting on single copy virulence factor genes have been developed for A. actinomycetemcomitans, P. gingivalis, and T. forsythia. 24, 25 In these studies, only the A. actinomycetemcomitans assay has been tested with strains representing all known serotypes. 25 Keeping in mind the putative genetic heterogeneity of our target pathogens, we based our assays on highly conserved single copy genes involved in LPS biosynthesis with the sequences sharing homologous areas but still being species-specific. Therefore, in addition to the single reference strains, we were able to detect A. actinomycetemcomitans strains representing all known serotypes and one non-serotypeable strain and three different serotypes of P. gingivalis. The specificities of the primer/probe sets were tested in silico by BLAST and in vitro with 49 bacterial strains. Even among closely related species, the cross-reactivity was absent. Also, the designed primer/probe sets proved to be sensitive, detecting as low as 8-16 bacteria/ml template in a qPCR reaction. Nevertheless, the efficiency of the reactions remained within 91-96%, except that for T. denticola, which was only 87%. This could be due to the used reference strain of T. denticola, which was as a lyophilized bacterial powder, while the other bacterial strains were cultured in our laboratory and the DNA was isolated from fresh cultures.
We further validated our assay using stimulated saliva samples from a case-control population. Saliva samples are easy and non-invasive to collect and contain bacteria deriving from various oral sites. Albeit saliva is less suitable than subgingival sample for detecting periodontal pathogens by culture, the greater sensitivity of the qPCR technique overcomes the problem. On the other hand, qPCR is very sensitive for variation in the quality of DNA. Therefore, we tested several commercial kits and conventional methods (data not shown) for salivary DNA extraction in order to find the most applicable technique with the best DNA recovery and quality. In addition to the subjects with periodontitis, all studied pathogens have been found among periodontally healthy subjects. 11, 14, 18, 22, 32 Our study provided similar results but, as expected, the occurrence rates and median pathogen levels were significantly lower among periodontally healthy subjects. Based on ROC analyses, the qPCR method proved to be diagnostically valid. It is, however, impossible to compare our data to actual bacterial levels proposed earlier, because in the majority of the previous qPCR studies subgingival plaque samples have been used, the study populations and the target genes have been different, and the DNA isolation methods have varied as well. Moreover, the bacterial detection units presented in the current literature vary remarkably, making the final results troublesome to merge. According to our results, the combination of A. actinomycetemcomitans, P. gingivalis, and P. intermedia had the strongest relation to periodontitis. The disease has been previously reported to associate strongest with the 'Red complex' bacteria including T. forsythia, P. gingivalis, and T. denticola. 33 This discrepancy may be explained by the methodological differences and the limited number of samples in the present study.
We observed differences in the prevalence rates of the target pathogens among the samples analyzed with the conventional PCR 11 compared to the present findings generated by the qPCR. This phenomenon may derive from the lower sensitivity and specificity of the applied end-point PCR method. Also, the primers and the DNA isolation methods varied between these assays, which may explain the differences observed, particularly in the case of T. denticola.
CONCLUSIONS
The developed assay, where the qPCR primer/probe sets were designed for the conserved single-copy LPS biosynthesis genes, enabling accurate genome number determination, is prominently sensitive and specific for detecting major pathogens associated with periodontitis, i.e. A. actinomycetemcomitans, P. gingivalis, P. intermedia, T. denticola, and T. forsythia, quantitatively from saliva samples. We validated the assay with 165 saliva samples and proved the diagnostic accuracy of the method by ROC curves. The developed assay is well suited for large-scale population studies to detect periodontitis-associated bacteria. It may also be used to support the diagnosis and treatment of periodontitis.
